The Forkhead transcription factor, FoxO3a, is a known suppressor of primary tumor growth through transcriptional regulation of key genes regulating cell cycle arrest and apoptosis. In many types of cancer, in response to growth factor signaling, FoxO3a is phosphorylated by Akt, resulting in its exclusion from the nucleus. Here we show that FoxO3a remains nuclear in anaplastic thyroid carcinoma (ATC). This correlates with lack of Akt phosphorylation at serine473 in ATC cell lines and tissues of ATC patients, providing a potential explanation for nuclear FoxO3a. Mechanistically, nuclear FoxO3a promotes cell cycle progression by transcriptional upregulation of cyclin A1, promoting proliferation of human ATC cells. Silencing FoxO3a with a reverse genetics approach leads to downregulation of CCNA1 mRNA and protein. These combined data suggest an entirely novel function for FoxO3a in ATC promotion by enhancing cell cycle progression and tumor growth through transcriptional upregulation of cyclin A1. This is clinically relevant since we detected highly elevated CCNA1 mRNA and protein levels in tumor tissues of ATC patients. Our data indicate therapeutic inactivation of FoxO3a may lead to attenuation of tumor expansion in ATC. This new paradigm also suggests caution in relation to current dogma focused upon reactivation of FoxO3a as a therapeutic strategy against cancers harboring active PI3-K and Akt signaling pathways.
Introduction
Thyroid cancer incidence in the United States has doubled in the past decade with deaths rising in parallel by one-third, making it the fifth most diagnosed cancer in women in 2012 and an emerging public health concern. Thyroid cancers account for 5% of all human malignancies in the U.S. with 56,460 new cases estimated in 2012 disproportionately affecting over 43,000 women (Siegel et al., 2012) . One subtype, anaplastic thyroid carcinoma (ATC), is characterized by its loss of differentiation and is one of the most aggressive tumors in humans (Green et al., 2006) . Even though ATC is rare and represents only 1.7% of all malignant thyroid diseases, it accounts for approximately 40% of thyroid carcinoma related deaths in the US (Green et al., 2006; Hundahl et al., 1998) . Thus, the diagnosis of ATC is essentially a death sentence, with the five year survival rate of approximately seven percent; patients survive, on average, less than five months after diagnosis (Edge and Compton, 2010; Smallridge and Copland, 2010) . Such a bleak prognosis is due to ATC aggressive growth, invasiveness, metastatic behavior of the cancer and lack of effective therapies. Due to high mortality rates, further preclinical studies of ATC pathogenesis and molecular signaling are critically needed for developing effective therapeutic interventions.
Tumor enlargement is, in part, a result of persistent cell cycle progression due to aberrant signaling along with the lack of tumor suppressors and regulators. ATC has been shown to have multiple pathways overexpressed and actively signaling including: EGFR, phosphorylated Akt (p-Akt), p-ERK and JAK/ STAT pathways (Neff et al., 2008; Sherman, 2006; Smallridge et al., 2009; Woyach and Shah, 2009) . Cell cycle progression is coordinated by cyclins and specifically cyclins D1, D3 and E have all been shown to be overexpressed in ATC. Growth arrest is facilitated by the cyclin-dependent kinase inhibitors and tumor suppressors and in ATC it has been shown that genes encoding p16, p21, p27, p53, Rb and PTEN are either mutated or less expressed (Smallridge and Copland, 2010; Smallridge et al., 2009 ).
Forkhead homeobox type O3a (FoxO3a, FKHRL1) is a transcription factor with known tumor suppressor activity. Foxo3a targets and activates the pro-apoptotic genes Bim and FasL and induces cyclin kinase inhibitors such as p21 CIP1/WAF1 and p27
Kip1 , but also represses cyclin D1 (Burgering, 2008; Carter and Brunet, 2007; Fu and Tindall, 2008; Furukawa-Hibi et al., 2005) . FoxO3a is a member of the FoxO superfamily that all share a conserved 110 amino acid DNA-binding domain (Vogt et al., 2005) and all recognize two consensus DNA-binding sequences: 59-TTGTTTAC-39 and 59-(C/A)(A/C)AAA(C/T)AA-39 (Furuyama et al., 2000; Obsil and Obsilova, 2011) . FoxO3a is tightly controlled posttranslationally by acetylation (p300/CBP, SIRT1), ubiquitylation (Skp2), and phosphorylation [Akt, serum and glucocorticoid inducible kinase (SGK1), AMP-activated protein kinase (AMPK), dual-specificity tyrosine phosphorylation-regulated kinase 1a (DYRK1a), IkB kinase b (IKKb), c-Jun N-terminal kinase (JNK), and mammalian ortholog of Ste20-like protein kinase (Mst1)] in order to regulate metabolism, homeostasis, cell cycle, DNA repair, oxidative stress resistance and apoptosis (Huang and Tindall, 2007; Storz, 2011) . Regulation of FoxO3a by phosphorylation is important for nuclear-cytoplasmic shuttling. Phosphorylation of FoxO3a by JNK, AMPK or Mst1 leads to activation and nuclear localization, while phosphorylations mediated by Akt, DYRK1a, IKKb or SGK1 lead to nuclear exclusion and inactivation (Brunet et al., 1999; Brunet et al., 2001; Carter and Brunet, 2007; Shukla et al., 2009; Tzivion et al., 2011; van den Berg and Burgering, 2011; Vogt et al., 2005) . Akt phosphorylates FoxO3a at 3 residues T32, S253 and S315 (Finnberg and El-Deiry, 2004) .
Akt activity correlates with its phosphorylation at T308 and S473. Akt activity has been reported to be highly elevated in ATC (Santarpia et al., 2008) . Therefore, our original hypothesis was that by suppressing Akt either by shRNA or novel Akt inhibitors, its target FoxO3a would relocalize to the nucleus and induce its antitumor activity. However, the contrary was discovered with high nuclear FoxO3a in the presence of biologically inactive Akt in ATC patient tissue samples and cell lines. Moreover, biologically active FoxO3a in ATC cell lines transcriptionally upregulated cyclin A1 gene expression leading to enhanced cell cycle progression and cell proliferation. Thus, we unexpectedly identified a novel mechanism and paradigm shift leading to a new tumor promoting role of FoxO3a in a highly aggressive and invasive cancer.
Results

FoxO3a localization and Akt activity in ATC cells
Immunocytochemistry (ICC) showed that FoxO3a was localized primarily in the nucleus in four ATC cell lines ( Fig. 1A ; supplementary material Fig. S1A ). KTC2 and KTC3 cells were lentiviral infected with either nontarget or FoxO3a shRNA to demonstrate antibody specificity (verification of shRNA knockdown in Fig. 3A ). Seven ATC cell lines were screened for FoxO3a expression and FoxO3a was expressed in all, with a lesser degree in FRO and FF1 cells (Fig. 1B) . However, FoxO3a is thought of as a tumor suppressor that becomes inactivated and shuttled out of the nucleus as a result of phosphorylation by activated Akt (Carter and Brunet, 2007; Shukla et al., 2009; Vogt et al., 2005) . Thus, phosphorylated FoxO3a (p-FoxO3a; Ser253, The32, S318) levels were examined (Fig. 1B) However in all ATC cell lines (except SW1736) p-Akt S473 was surprisingly absent, while p-Akt T308 (phosphorylated activation loop of Akt) was consistently elevated to varying degrees (Fig. 1B) . Since S473 is known to be phosphorylated by the mTORC2 complex, we next examined mTORC2 activity in ATC cells. Very low levels of active mTORC2 [p-mTOR(2) S2481 staining] were observed indicative of low pAkt S473 phosphorylation, previously shown to be required for phosphorylation of FoxO3a leading to inactivation (Jacinto et al., 2006) . We next examined Akt activity by analyzing the phosphorylation status of glycogen synthase kinase 3 beta (GSK3b) at S9, a residue that is directly targeted by Akt (Stambolic and Woodgett, 1994) . In all ATC cell lines examined, p-GSK3b S9 levels were low to nonexistent suggesting that Akt is not active. We also analyzed if nuclear accumulation of FoxO3a could be due to increased activity of kinases that phosphorylate and promote nuclear FoxO3a [i.e. Mst1 and JNK (Fig. 1B) ]. Mst-1 was expressed and active (as judged by its phosphorylation at T183) in all cell lines, indicating that it may also contribute to nuclear FoxO3a activity. Total JNK was expressed, however, p-JNK T183/Y185 was expressed at low levels except in KTC3 cells. These cumulative data indicate that nuclear FoxO3a in ATC cells may be a result of joint action of two regulatory mechanisms, including inactive Akt allowing active FoxO3a to remain nuclear and active Mst-1 driving FoxO3a into the nucleus.
When FoxO3a was examined in patient samples, FoxO3a mRNA demonstrated no significant difference in expression levels in ATC patient tissues when compared to unmatched normal samples (Fig. 1C) . This was also true by immunohistochemistry (IHC) where total FoxO3a protein expression and localization were not different between adjacent normal thyroid and tumor tissues with FoxO3a localized predominantly to the nucleus (Fig. 1D) . To demonstrate antibody specificity, normal human pancreatic tissue (Fig. 1D , top left panel), human breast tissues and BT474 breast cancer cells (supplementary material Fig. S1B ) were used as positive controls showing cytoplasmic staining of FoxO3a protein. Ten normal and tumor breast tissue slides were also stained for FoxO3a as a control and it showed more nuclear than cytoplasmic staining in the normal tissue versus the tumor tissue (supplementary material Fig. S1B ). These data are corroborated by IHC data from other laboratories for normal breast and tumor tissues Habashy et al., 2011; Hu et al., 2004) . pFoxO3a T32, indicative of inactive FoxO3a, was elevated ,50% above that of adjacent normal thyroid tissue and was cytoplasmic (supplementary material Fig. S1C ). p-FoxO3a S253/S318 were essentially nonexistent in patient normal thyroid and ATC tissues ( Fig. 1D; supplementary material Fig. S1C ). Interestingly, p-Akt T308 was elevated in ATC patient tissues while p-Akt S473 appeared absent for the most part (Fig. 1D) . Thus, there was a strong concordance between patient and cell line data indicative that FoxO3a was predominantly nuclear and S473 Akt phosphorylation was absent.
The conundrum of nuclear FoxO3a and elevated p-Akt T308 levels in the absence of p-Akt S473 led us to overexpress constitutively active Akt (CA Akt) to further analyze whether pAkt T308 was defective in phosphorylating FoxO3a thereby stimulating FoxO3a shuttling out of the nucleus. One report showed that if Akt was phosphorylated only on T308, FoxO3a could not be phosphorylated by Akt and thus no relocalization followed by inactivation in the cytoplasm (Jacinto et al., 2006) . This report suggested that p-Akt T308 may be unable to phosphorylate FoxO3a thereby providing a mechanistic explanation for nuclear accumulation of FoxO3a in ATC. To test this, CA Akt was overexpressed in KTC3 and KTC2 cells ( Fig. 2A) . The phosphoinositide 3-kinase (PI3-K) inhibitor, LY294002, attenuated phosphorylation of Akt at S473 and T308 ( Fig. 2A) . While total FoxO3a in each of the two cell lines showed little change in the presence of CA Akt and/or LY294002, phosphorylation of T32 on FoxO3a was enhanced upon LY294002 treatment ( Fig. 2A) . Unexpectedly, there was no difference in proliferation rates of the CA-Akt-expressing cells as compared to the pcDNA3 control in either of the two ATC cell lines (Fig. 2B) . Treatment with the PI3-K inhibitors, LY294002 and wortmannin (data not shown), showed a small but statistically significant decrease in proliferation in the pcDNA3 controls (Fig. 2B ) while the CA Akt cells in the presence of LY294002 demonstrated slight but statistical growth inhibition when compared to pcDNA3 plus LY294002 (Fig. 2B ). We noted that KTC3 and KTC2 cells transiently transfected with overexpressed CA Akt were more sensitive to growth inhibition upon LY294002 treatment compared to that of empty vector ( Fig. 2A ). This was also true for the biochemical readouts where phosphorylation of T32 on FoxO3a were enhanced upon LY294002 treatment (Fig. 2B ). This was quite puzzling since loss of S473 and T308 Akt phosphorylation indicated that the LY294002 was effective. Collectively, these data indicated that LY294002 may have a growth inhibitory effect independent of active Akt. Subcellular localization was next examined for FoxO3a and Akt to determine if CA Akt was nuclear and whether CA Akt phosphorylated FoxO3a (Fig. 2C,D) . ICC for total Akt demonstrated enhanced nuclear staining in the CA-Aktoverexpressing cells when compared to pcDNA3 controls ( Fig. 2C , panel 1). When ICC was examined, endogenous total FoxO3a remained nuclear with some enhanced cytoplasmic FoxO3a in the CA-Akt-expressing cells (Fig. 2C , panel 2). When phosphorylation sites on FoxO3a were examined, p-FoxO3a S253 showed that some FoxO3a was shuttled into the cytoplasm in the presence of CA Akt (Fig. 2C, panel 3) . Interestingly, pFoxO3a T32 was present in the nucleus in pcDNA3 control cells and unchanged with CA Akt overexpression (Fig. 2C, panel 4) . Furthermore, in cells undergoing mitosis, p-FoxO3a T32 was localized at the centrioles (Fig. 2C , panel 4). Our ICC findings were validated utilizing cytosolic and nuclear fractionation followed by western blot analysis to examine FoxO3a and Akt subcellular localization (Fig. 2D ). FoxO3a was predominantly in the nuclear fraction and when CA Akt was overexpressed the cytoplasmic fraction doubled (Fig. 2D ). These cumulative data demonstrated a novel finding in that FoxO3a remained predominantly in the nucleus of ATC cells and tumor tissues even when exposed to exogenous CA Akt.
FoxO3a promotes ATC cell proliferation
We previously identified FoxO3a shRNA 1566 to be selective in silencing FoxO3a mRNA expression (Storz et al., 2009 ). KTC2 and KTC3 (high FoxO3a expression) cells were infected with lentiviral nontarget or FoxO3a 1566 shRNA. Silencing of FoxO3a mRNA (,60%) was shown by Quantitative PCR (QPCR; Fig. 3A ) and this transferred to reduction of protein expression as confirmed by western blot (Fig. 3B ). To further verify that FoxO3a was predominantly nuclear, the same cells were then fractionated to demonstrate that the majority of FoxO3a is in the nuclear fraction and its expression can be attenuated by shRNA (Fig. 3C ). Data were normalized to ORC-2 for the nuclear fraction and Cu/Zn superoxide dismutase (SOD) for the cytoplasmic fraction. When proliferation rates were examined, there was decreased growth in the FoxO3a-silenced cells (Fig. 3D ). These data were verified using additional siRNA targeting FoxO3a in four independent ATC cell lines that expressed high levels of FoxO3a (supplementary material Fig.  S2A ). FoxO3a siRNA #1 inhibited proliferation by 61-99% while #6 inhibited by 28-90% (supplementary material Fig.  S2B ). Due to this intriguing finding, overexpression of FoxO3a was next examined in low expressing FoxO3a ATC cell lines (see Fig. 1B ). FRO and FF1 cells were transiently transfected with pECE empty vector control or wild-type (wt) FoxO3a and shown by QPCR that wt FoxO3a mRNA was elevated by ,3-fold in FRO cells and ,80-fold in FF1 cells (Fig. 4A ). FoxO3a overexpression was confirmed by western blot analysis for both day one and day seven after transient transfection (Fig. 4B ). When ICC was examined, transfected wt FoxO3a shuttled into the nucleus (Fig. 4C) . Thus, nuclear localization of FoxO3a in ATC cells holds true in these transfected cells in the presence of Akt (see Fig. 1B ). The proliferation rates were increased in the transiently overexpressing wt FoxO3a cells (Fig. 4D ). Thus, silencing or overexpressing FoxO3a resulted in the novel finding that FoxO3a promoted cell proliferation, a paradigm shift.
FoxO3a regulates cyclin A1 in ATC cells
In order to further demonstrate that FoxO3a was not functioning as a tumor suppressor in ATC cells, cell cycle regulation was examined. First, flow cytometry in KTC3 cells with silenced FoxO3a, demonstrated increased G0/G1 (,8.9%) and decreased G2/M (,14%) phase (Fig. 5A ). In the transiently overexpressing wt FoxO3a FRO cells, G0/G1 was decreased by ,7.8% with a slight increase in the G2/M (,2%) phase (Fig. 5A) . Because of these changes in G0/G1 and G2/M phases of the cell cycle, all the major cyclins (D, E, A, and B) and cyclin-dependent kinase inhibitors (CKIs) of the INK4 and CIP/KIP families were examined (Fig. 5B , and data not shown). Only cyclin A and B expression levels were consistently affected by altered FoxO3a in both models (Fig. 5B) . QPCR showed that CCNA1 and CCNA2 mRNA were decreased by ,30% in cells when FoxO3a is silenced in KTC3 cells (Fig. 5C, top panel) . However, only CCNA1 mRNA was elevated by ,2-fold when wt FoxO3a was overexpressed (Fig. 5C, bottom panel) . Despite changes in cyclin B protein expression by western blot (Fig. 5B) ; no change occurred in either mRNA levels as detected by QPCR (Fig. 5C ) or promoter activity of cyclin B (data not shown).
Analysis of the cyclin A1 promoter region identified a single putative FoxO3a binding site in the first 1181 bases upstream of the transcription start site (Fig. 6A) . Knockdown of FoxO3a in the KTC3 cells significantly inhibited the transcriptional activity of the cyclin A1 promoter by over 50%. Conversely, overexpression of wt FoxO3a significantly induced the transcriptional activity of cyclin A1 in transiently transfected FRO cells by ,2-fold (Fig. 6B, *) . Mutation of the putative FoxO3A binding site in the cyclin A1 promoter (Fig. 6A ) significantly decreased reporter activity in both KTC3 nontarget and FRO/pECE controls by ,50% compared to wild-type cyclin A1 promoter (Fig. 6B,   + ). In addition, the luciferase activity of cyclin A1 decreased by ,85% in FRO/wt FoxO3a cells when comparing wt versus the mutant cyclin A1 promoter (Fig. 6B,   ++ ). While we found no other Fig. 2 . Overexpression of constitutively active Akt has no effect on proliferation. (A) Western blot of KTC3 and KTC2 cells transfected with pcDNA3 control or a constitutively active (CA) Akt expression plasmid demonstrates overexpression of CA Akt versus pcDNA3 control. When cells were untreated or treated with 1 mM LY294002 (LY), it was shown that LY attenuates p-Akt levels. Total FoxO3a and p-FoxO3a protein levels were also examined for each of these conditions. (B) Proliferation curves of transfected KTC3 and KTC2 cells over 7 days, show that there is no difference in proliferation rates between the pcDNA3 control and the CA Akt cells. Treatment with the PI3-K inhibitor, LY294002, resulted in only slight growth inhibition in the pcDNA3 controls (gray arrow) compared with pcDNA3-DMSO-treated cells, whereas the CA Akt cells showed modest but statistically significant growth inhibition (black arrow) when compared with the LYtreated pcDNA3 cells of both cell lines. Data are plotted as cell number 6 s.d. (C) ICC of transfected KTC3 reveals that total Akt is both nuclear and cytoplasmic (panel 1). Total FoxO3a (panel 2) remains predominantly nuclear in the CA Akt cells with minimal shuttling of p-FoxO3a S253 to the cytoplasm (panel 3), whereas p-FoxO3a T32 remains cytoplasmic (panel 4). DAPI was used to stain the nuclei. (D) Subcellular fractionation followed by western blotting and densitometric analysis confirmed that FoxO3a is predominantly in the nuclear fraction and when CA Akt is overexpressed, very little if any FoxO3a is shuttled into the cytoplasm. ORC-2 was used to normalize for the nuclear fraction and Cu/Zn SOD for the cytoplasmic fraction. N, nuclear, C, cytoplasmic.
consensus FoxO3a response elements, a 50% decrease of luciferase of the mutant cyclin A1 promoter when compared to the cyclin A1 promoter indicates that another functional FoxO3a response element exists. We further confirmed our novel finding by performing chromatin immunoprecipitation (CHiP) and demonstrate FoxO3a bound to the cyclin A1 promoter (Fig. 6C) . Taken together, these findings indicated that FoxO3a transcriptionally regulated cyclin A1 to promote cell cycle progression and enhanced cell proliferation in ATC.
We next examined CCNA1 mRNA and cyclin A1 protein levels in adjacent normal and ATC patient tissues finding elevated cyclin A1 mRNA and protein levels (Fig. 7A,B) . Using two different CCNA1 lentiviral shRNAs, QPCR shows 70-80% silencing of CCNA1 mRNA in KTC3 and FRO/wt FoxO3a cells (Fig. 7C) . When examining proliferation of these same cells, there was a 2-to 4-fold reduction in cell proliferation (Fig. 7D) . Thus, our cumulative data mapped a new signaling pathway whereby FoxO3a transcriptionally upregulated cyclin A1 which in turn promoted cell cycle progression clearly linking FoxO3a to cyclin A1-driven cell proliferation.
Discussion
Our data go against the dogma that FoxO3a is a tumor suppressor that becomes inactivated by growth factor signaling and localized to the cytoplasm (Carter and Brunet, 2007; Shukla et al., 2009; Vogt et al., 2005) . For example, cytosolic FoxO3a has been correlated with tumor grade in prostate cancer (Shukla et al., 2009) . Generally, it is accepted that nuclear (active) FoxO3a induces apoptosis through Bim1 and FasL, and cell cycle arrest through GADD45, p21 and p27 while repressing cyclins D1 and D2. FoxO3a has also been shown to promote DNA repair through GADD45 and DBB1 (Carter and Brunet, 2007; Vogt et al., 2005) . Limited data are available in thyroid tumors, but nuclear FoxO3a was reduced in follicular thyroid carcinoma (FTC) tissues and unchanged in papillary thyroid carcinoma (PTC), while cytoplasmic FoxO3a was increased in both FTC and PTC (Karger et al., 2009) . Shin et al. showed in a follicular cell line (FTC 133) that nuclear FoxO3a induced anti-proliferative (Shin et al., 2010) and pro-apoptotic genes, while Weidinger et al. found similar results (Weidinger et al., 2010) . These data contrast with our data showing nuclear localization of FoxO3a in ATC. This is quite interesting in light of current thought that FTC and PTC may progress to ATC versus that of ATC arising de novo, suggesting again a switch in FoxO3a function.
On the other hand, there are currently only two publications that support the notion that FoxO3a possesses oncogenic functions. Storz and colleagues were the first, showing that nuclear FoxO3a promotes invasion through induced expression of MMP9 and MMP13 in breast cancer cells (Storz et al., 2009 ). Chen et al. have shown that nuclear FoxO3a correlates with lymph node metastasis and poor survival as well as elevated pAkt T308 in breast cancer . They further showed an uncoupling of the Akt:FoxO3a signaling axis in drugresistant breast cancer cells in culture. Now, our laboratory recapitulates this finding correlating nuclear FoxO3a and elevated p-Akt T308 in another aggressive cancer, ATC. For the first time, we show that nuclear FoxO3a transcriptionally induces cyclin A1 to promote cell proliferation in ATC cell lines (Figs 5 and 6 ). We also demonstrated that overexpression of a constitutively active Akt mutant is not sufficient to inactivate and shuttle FoxO3a into the cytoplasm (Fig. 2) . Akt is phosphorylated at two key residues located at the catalytic site (T308) and the C-terminal hydrophobic motif (S473) site. Our data support previous work (Guertin et al., 2006) demonstrating that p-Akt T308 is not sufficient to phosphorylate FoxO3a. Work by the Sabatini laboratory demonstrated that disruption of the mTORC2 complex leads to loss of p-Akt S473 phosphorylation and loss of Akt-induced phosphorylation of FoxO proteins. This is consistent with the lack of S473 phosphorylation seen in six of seven ATC cell lines and patient ATC tumors that we screened (Fig. 1 ). Jacinto and colleagues further showed that dual phosphorylations of Akt at the hydrophobic motif and catalytic sites synergistically activate Akt but are not required for all Akt functions. Importantly, they also observed that phosphorylation of FoxO1 or FoxO3a did not occur in defective p-Akt S473 phosphorylation cells, while singly T308-phosphorylated Akt was sufficient to phosphorylate other Akt targets such as TSC2 and GSK3, S6K and 4E-BP1 (Jacinto et al., 2006) . The mTORC2 
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complex appeared to have minimal activating phosphorylation [p-mTOR(2) S2481] in our ATC cell lines indicative of an inability to phosphorylate Akt at S473 (Fig. 2B ). These observations most likely explain our data whereby FoxO3a remains nuclear in ATC in the presence of highly elevated p-Akt T308 and is functional. Our data also suggest that FoxO3a is somehow resistant to CA Akt remaining in the nucleus even with overexpression of CA Akt (Fig. 2) . This may be due to active Mst1 known to drive FoxO3a into the nucleus (Fig. 1B) .
In addition, overexpression of FoxO3a results in nuclear accumulation and leads to increased proliferative rates (Fig. 4) . We speculate that as thyroid tumors progress from benign to well-differentiated to metastatic and undifferentiated, tumor alterations occur in the FoxO3a signaling pathway, shifting from tumor suppressor to that of oncogenic. Changes may occur in the nuclear/cytoplasmic distribution, the phosphorylation and/ or acetylation status of FoxO3a, or in proteins that regulate, are regulated by, or bind to FoxO3a. The mechanism by which FoxO3a now acts as a positive regulator at the level of the cyclin A1 promoter remains to be discovered.
Cyclin A2, also known as cyclin A, is the major A-type cyclin in mammals while cyclin A1 is an alternative CDK2 associated A-type cyclin (Joshi et al., 2009) . Cyclin A1 differs from other cyclins in its highly restricted expression pattern. Besides its expression during spermatogenesis, cyclin A1 is also expressed in hematopoietic progenitor cells and in acute myeloid leukemia. Cyclin A1 is expressed at low levels in most other tissues, but no phenotype other than male infertility has been reported for mice lacking the cyclin A1 gene (Ji et al., 2004) . Cyclin A1 mRNA and protein are present at very low levels in cells at the G0 phase.
It increases during the progression of the cell cycle and reaches the highest levels in the S and G2/M phases. This cyclin binds both cyclin dependent kinase 2 (CDK2) and CDC2 kinases, which give two distinct kinase activities, one appearing in S phase, the other in G2, and thus regulate separate functions in the cell cycle. CDK2-cyclin A1 complex has kinase activities for histone H1, E2F-1, and the Rb family of proteins. Transcriptional control of cyclin A1 has been demonstrated for Sp1 and Sp3, which bind to four GC boxes between nucleotides 2130 and 280 upstream of the transcriptional start site. c-Myc has also been shown to directly transactivate the cyclin A1 promoter and may be involved in the high-level expression of cyclin A1 observed in acute myeloid leukemia (Chan et al., 2009) . We now add FoxO3a as a new positive transcriptional regulator of cyclin A1 in ATC. In contrast, FoxO3a has been shown to suppress cyclin A1 expression in follicular thyroid carcinoma (FTC) cell lines, suggestive that FoxO3a is also transcriptionally active but with opposite results in regard to cell cycle regulation in another thyroid cancer histotype (Karger et al., 2009; Shin et al., 2010) .
One could envision cyclin A1 as a novel molecular target for therapy against ATC, especially since cyclin A1 demonstrates very selective tissue expression (Ji et al., 2004; Sharma et al., 2001) . Beside human leukemia, cyclin A1 has been shown to play a role in enhanced cell proliferation in non-small cell lung cancer (Chan et al., 2009; Cho et al., 2006) . Because of its selective interaction with CDK and CDC kinases as well as important cell cycle regulators such as E2F1, retinoblastoma (Rb) and the p21 family proteins, screening small compound libraries may identify selective inhibitors of cyclin A1. Sharma et al. identified moderately active antagonists based upon E2F1/cyclin Precipitates were analyzed by PCR for the FoxO3a-bound cyclin A1 promoter. A PCR for the cyclin A1 promoter using the input DNA served as an additional control.
A interactions and further showed that attenuation of cyclin A/ CDK2 activity leads to apoptosis (Sharma et al., 2001) . In testing our ATC cell lines with and without FoxO3a, we discovered that FoxO3a profoundly accelerates proliferation and enhances the G2/M phase of the cell cycle. Thus, we identified a novel mechanism and paradigm shift in the role of FoxO3a in a highly aggressive and invasive cancer. This new finding is highly suggestive that targeting cyclin A1 may lead to tumor suppression in ATC.
Even though FoxO3a is considered a tumor suppressor, no other lab, to our knowledge, has directly silenced FoxO3a and examined proliferative effects. The paper by Lin et al. was the only manuscript that examined proliferation when FoxO3a was silenced using miR-96. However, they showed increased proliferation in breast cancer cell lines with increased cyclin D1 and downregulation of p21 CIP1/WAF1 and p27 Kip1 (Lin et al., 2010) . Our laboratory has mechanistically linked FoxO3a to enhanced proliferation rates (Figs 3 and 4) through FoxO3a transcriptional regulation of cyclin A1 (Figs 6 and 7) . This paradigm shift, where a good gene turns bad in an aggressive cancer, provokes many more questions especially related to the FoxO3a nuclear complex positively regulating cyclin A1 in ATC cells; as well as, the prevalence of this phenomenon in aggressive cancers. It also brings into question the notion of targeting FoxO3a for re-expression in cancers as a therapeutic strategy for inhibiting tumor growth (Singh et al., 2011; Yang and Hung, 2011; Yang and Hung, 2009 ).
Materials and Methods
Immunohistochemistry IHC was performed on patient-matched thyroid samples and pancreatic and breast tissue as a control to examine FoxO3a and Akt expression and localization. Tissues were mounted on slides from paraffin-embedded blocks and blocked with Diluent that contained Background Reducing Components (Dakocytomation, Denmark) for 30 minutes and probed for FoxO3a, p-Akt T308 (Cell Signaling, Beverly, MA); p-Akt S473 (Dakocytomation) and cyclin A1 (Labvision, Fremont, CA). Negative sections were prepared by incubating the slides in the absence of the primary antibody. Images were obtained at 206 using Scanscope XT and Imagescope software (Aperio Technologies, Vista, CA). The staining of the tissue sections was scored using an algorithm in the Imagescope software created by a histologist based upon signal intensity (0-3+). H scores were calculated using the formula:
Cases were excluded from the study if a section could not be assigned a score due to insufficient tumor tissue. This study was approved by the Mayo Institutional Review Board.
Cell lines and proliferation curves
The following anaplastic thyroid carcinoma cell lines used in these studies were kindly provided as follows: KTC2 and KTC3 by Junichi Kurebayashi (Kawasaki Medical School, Japan); FRO by G. J. Juillard (University of California-Los Angeles); FF1 by Franco Frasca (University of Catania, Italy); BHT101 by Istvan Palyi (National Institute of Oncology, Hungary); SW1736 by Leibowitz and McCombs III (Scott and White Memorial Hospital, Texas) ; OCUT1 by Naoyoshi Onoda (Osaka City University Graduate School of Medicine, Japan); THJ-11T, THJ-16T, THJ-21T and THJ-29T were originated in our laboratory (Marlow et al., 2010) . MDA231, BT474 and HEK293 were purchased from ATCC (Manassas, VA). All cell lines are short-tandem repeat (STR) verified (Marlow et al., 2010; Schweppe et al., 2008) and were maintained in RPMI 1640 medium (Cellgro, Herndon VA) supplemented with 10% charcoal-stripped fetal bovine serum (Gemini Bioproducts, West Sacramento, CA), non-essential amino acids (Cellgro), sodium pyruvate (Cellgro), HEPES (Cellgro) and penicillin-streptomycinamphotericin B (Cellgro) at 37˚C in a humidified atmosphere with 5% CO 2 . For all proliferation curves, cells were plated in 12-well plates (Midwest Scientific, St. 
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Louis, MO) in triplicate at a concentration of 2610 4 cells/well. As indicated, LY294002 (Sigma-Aldrich, St. Louis, MO) was added on day 1 and again on day 4 when medium was changed. After 1, 3, 5, and 7 days, cells were trypsinized and counted on a Coulter Particle Counter (Beckman, Brea, CA).
siRNA screening ATC cells were reverse-transfected with siRNA as previously described (Azorsa et al., 2009) . Screening with siRNA was performed using a subset of the Apoptosis siRNA library (Qiagen, Valencia, CA). Negative control non-Silencing siRNA and positive control lethal siRNA were purchased from Qiagen. Library and control siRNA were diluted in siRNA buffer (Qiagen) and 9.3 ng of siRNA was printed onto white 384-well plates. The targeting sequences for FOXO3A siRNA #1 and #6 were 59-CTGAATGATGGGCTGACTGAA-39 and 59-TCGATTCATGCGG-GTCCAGAA-39, respectively. Diluted Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, CA) in OptiMEM (Invitrogen) was added to the wells and allowed to complex with siRNA for 30 min at room temperature. ATC cells were resuspended in growth media without antibiotics at a final concentration of 1000 cells/well. Plates were incubated at 37˚C with 5% CO 2 . After 96 hours total cell number was determined by the addition of Cell Titer Glo (Promega, Madison, WI) and relative luminescence units (RLU) were measured. Raw RLU data were used to calculate viability relative to untreated wells.
Plasmids and transfections
The constitutively active Akt (pcDNA3/Myr CA AKT) plasmid # 9008 was purchased from Addgene (Cambridge, MA). The control (pECE) and pECE/wt FoxO3a plasmids were a gift from Anne Brunet (Stanford University). The FoxO3a insert was confirmed by DNA sequencing. For stable transfection, KTC3 cells were transfected for 24 hours using Lipofectamine 2000 (Invitrogen) followed by selection with 500 mg/ml neomycin (MP Biomedicals, Solon, OH). For transient transfections, FRO and FF1 cells were first transfected for 24 hours using Lipofectamine 2000 (Invitrogen) and then seeded for the experiment. The pRL-CMV-renilla luciferase plasmid was purchased from Promega (Madison, WI). The cyclin A1 promoter luciferase reporter plasmid (pGL/cyclin A1 luciferase) was a gift from Michael Brattain (University of Nebraska, Omaha, NE). Mutation of the FoxO3A binding site within the cyclin A1 promoter was created using the QuikChange II Site Directed Mutagenesis Kit (Stratagene, La Jolla, CA) as per manufacturer's protocol using the primers 59-CAGTTTC-CTTTGGTCCACCCTTCACTCGCCTGC-39 and 59-CGAGGCGAGTGAAGGG-TGGACCAAAGGAAACTG-39. The two base pair mutation was verified by DNA sequencing before purification with PureLink HiPure Plasmid Maxiprep Kit (Invitrogen).
Lentivirus and infections
Self-inactivating shRNA lentiviruses were generated using MISSION shRNA pLKO.1 constructs (Sigma-Aldrich, St. Louis, MO). The nontarget control was a random scrambled sequence (SHC002) and the target sequence for FoxO3a was 59-GTCACTGCATAGTCGATTCAT-39 (clone NM_001455.1-1566s1c1) (SigmaAldrich). For cyclin A1, the target sequences were 59-GCTAACTGCAAAT-GGGCAGTA-39 (clone NM_003914.2-387s1c1) and 59-GCTTCGAAATATGA-AGAGATA-39 (clone NM_003914.2-1018s1c1). Lentiviruses were packaged using HEK293FT cells by transient transfection of the pLKO.1 constructs along with ViraPower (Invitrogen) using Lipofectamine 2000 (Invitrogen). Supernatants were collected 72 hours post-transfection, passed through a 0.45 mm PVDF syringe filter (Millipore, Bedford, MA) and applied to KTC2 and KTC3 cells for infection along with 5 mg/ml polybrene (American Bioanalytical, Natick, MA) for 24 hours. Cells were then selected with 2 mg/ml puromycin (Fisher Scientific, Houston TX).
Cell lysis and western blot
Cells were plated in 10-cm plates (Midwest Scientific) and grown to ,70% confluence prior to cell lysis in M-PER extraction buffer (Pierce, Rockford, IL) containing protease inhibitor cocktail (Roche, Mannheim, Germany) and phosphatase inhibitor (Pierce). For tissues, 50 mM Tris, pH 8.0 + 1% SDS was used. After centrifugation, supernatant protein concentrations were measured by bicinchoninic acid (BCA) assay (Pierce). Nuclear and cytoplasmic fractions from two million cells were collected using NE-PER kit as per manufacturer's protocol (Pierce). All samples were loaded on Novex 4-12% Bis-Tris gels in MES buffer (Invitrogen) followed by transfer to 0.2 mm Immobilon Psq membranes (Millipore). For western blot analysis, primary antibodies [FoxO3a, p-FoxO3a S253, p-FoxO3a S318, p-JNK T183/Y185, JNK, p-Mst1 T183, Mst1, HA tag, total cyclin A, cyclin B, p-Akt T308 and Akt (Cell Signaling, Beverly, MA); p-Akt S473 (R&D Biosystems, Minneapolis, MN); p-FoxO3a T32 (Abcam, Cambridge, MA); ORC-2 (BD Pharmingen, San Diego, CA); Cu/Zn SOD (Enzo Life Sciences, Farmingdale, NY); b-actin (Sigma-Aldrich)] were incubated overnight at 4˚C. Secondary speciesspecific horseradish-peroxidase-labeled antibodies (Jackson Immunoresearch, West Grove, PA) were applied in 3% milk/TBS for 45 minutes at room temperature. Detection was performed using Supersignal chemiluminescence kit (Pierce). Protein expression from western analysis was quantitated using Image Quant 5.0 (Molecular Dynamics, GE Healthcare, Piscataway, NJ). Blots were background corrected and normalized to loading controls.
Immunocytochemistry
Cells were plated in 2-well chamber slides (Fisher Scientific) and grown to ,70% confluence. For ICC analysis, cells were fixed with 2% paraformaldehyde followed by permeabilization with ice-cold 100% methanol. Samples were blocked with diluent containing background reducing components (Dako, Carpenteria, CA) and then probed with either FoxO3a, p-FoxO3a S253, Akt (Cell Signaling), or p-FoxO3a T32 (Abcam) in diluent for 2 hours at room temperature. Negative controls were generated by incubating slides in the absence of primary antibody. Secondary anti-rabbit FITC-or TRITC-conjugated antibodies (Sigma-Aldrich) were applied in diluent for 45 minutes at room temperature. DAPI staining (Fisher Scientific) was added for 3 minutes to stain cell nuclei followed by washing with PBS. ICC images were captured under white light and fluorescence filters using an Olympus microscope (Olympus IX71, C Squared Corporation, Pittsburgh, PA).
RNA isolation and quantitative PCR
Total mRNA was isolated from cells using Purelink RNA isolation kit (Invitrogen) per the manufacturer's protocol. The OD 260/280 ratio of the mRNA was at least 1.8 and the 18 s/28 s bands were verified on a 1% agarose gel. Two-step quantitative reverse transcriptase-mediated real-time PCR (QPCR) was used to measure changes in mRNA in response to changes in FoxO3a expression. The RT step was achieved by synthesizing cDNA from 3 mg RNA using the High Capacity Reverse Transcription kit as per the manufacturer's protocol (Applied Biosystems, Foster City, CA). The PCR step was done using TaqmanH Fast Universal PCR Master Mix (Applied Biosystems) and TaqMan FAM TM dye-labeled probes for FoxO3a (Hs00818121_m1), CCNA1 (Hs00171105_m1), CCNA2 (Hs00996788_m1), CCNB1 (Hs01030103_m1), CCNB2 (Hs00270424_m1) and GAPDH (Hs99999905_ m1). Data were normalized to GAPDH for each sample. Fold change values between FoxO3a shRNA and wt FoxO3a and control samples were calculated using the DDCt method (Schmittgen and Livak, 2008) .
Flow cytometry
Cells were plated in 6-cm plates (Midwest Scientific) and grown to ,50% confluence prior to overnight serum starvation. Cells were then incubated in regular media for 72 hours followed by collection using 0.05% trypsin (Cellgro). Cells were then fixed and stained with propidium iodide (BD Pharmingen, San Jose, CA) per the manufacturer's protocol. FACS analysis was performed on Accuri C6 flow cytometer (Accuri, Ann Arbor, MI). Unstained cells were used as controls for setting the cell population parameters and overlay of histograms show no deviation or drift of channels.
Luciferase reporter gene analysis
Cells were plated in 12-well culture plates (Midwest Scientific) in triplicate at 1610 5 cells/well and incubated overnight. Cells were transfected with 0.4 mg pGL/ cyclin A Luc and 25 ng pRL-CMV-renilla in either KTC3 shRNA cells or FRO cells along with 0.4 mg pECE or pECE/wt FoxO3a using Lipofectamine 2000 (Invitrogen). After 24 hours, cells were washed with DPBS (Cellgro), and lysed using Promega's Dual Luciferase assay kit per the manufacturer's protocol. Luciferase activity was measured using a Veritas luminometer (Promega) and the enzyme activity was normalized for efficiency of transfection on the basis of renilla activity levels and reported as relative luminescent units.
Chromatin immunoprecipitation assay
ChIP assays were performed using the EZ-ChIP TM Chromatin Immunoprecipitation (ChIP) KIT from Millipore (Bedford, MA) according to the manufacturer's protocol. 4 mg primary antibody (anti-FLAG, Sigma) or mouse IgG control was used for chromatin immunoprecipitations. Immunoprecipitates were analyzed by PCR using the primer set 59-TAGAGTCAGCCTTCGGACAG-39 and 59-ATCCCGCGAC-TATTGAAAT-39 to amplify a 253 bp fragment of the human cyclin A1 promoter corresponding to the FoxO3a binding site.
Statistical analysis
Data are presented as the mean 6 s.d. and comparisons were analyzed by twotailed paired Student's t-tests. Data for comparison of multiple groups are presented as mean 6 s.d. and were analyzed by ANOVA. P,0.05 was considered statistically significant.
